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Abstract: Determining physiological mechanisms contributing to circulatory failure can be
challenging, contributing to the difficulties of delivering effective hemodynamic management
in critical care. Measured or estimated Frank-Starling curves could potentially make it much
easier to assess patient response to interventions, and thus to manage circulatory failure. This
study combines non-additionally invasive model-based methods to estimate left ventricle end-
diastolic volume (LEDV) and stroke volume (SV) during hemodynamic interventions in a pig
trial. Frank-Starling curves are created using these metrics and Frank-Starling contractility
(FSC) is identified as the gradient. Bland-Altman median bias [limits of agreement (2.5th,
97.5th percentile)] are 0.14[—0.56, 0.57] for model-based FSC agreement with measured reference
method FSC using admittance catheter LEDV and aortic flow probe SV. This study provides
proof-of-concept Frank-Starling curves could be non-additionally invasively estimated clinically
for critically ill patients to provide clearer insight into cardiovascular function than is currently

possible.
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1. INTRODUCTION

Hemodynamic monitoring is important for diagnosing and
managing circulatory failure, a leading cause of intensive
care unit (ICU) mortality (Orban et al. (2017)). However,
inability to accurately, continuously, and/or non-invasively
measure key variables relating to cardiac and vascular
function make it challenging for clinicians to elucidate
physiological mechanisms contributing to circulatory fail-
ure (Desaive et al. (2019)).

Frank-Starling curves show the relationship between stroke
volume (SV) and preload, and thus contain information
regarding cardiac function and contractility. Increases in
preload, which can be measured in vivo as left ventricle
end-diastolic volume (LEDV) (Peverill (2020)), lead to
increased SV. This phenomena is caused by the Frank-
Starling mechanism, where increased stretch of cardiac
muscle prior to contraction causes increased force of con-
traction (Starling (1918)). The slope of the Frank-Starling
curve, Frank-Starling contractility (FSC), is a new con-
struct defined as the extent changes in ventricle filling
induce a change in SV. FSC reflects the force-length re-
lationship, and thus contractility, of cardiac muscle. Cre-
ating Frank-Starling curves at the patient bedside allows
monitoring of how much preload and SV are altered by
treatment or changing patient condition, which could fur-
ther understanding of physiological mechanisms contribut-
ing to circulatory failure (Marik (2010)).

This study combines non-additionally invasive methods to
estimate LEDV (Davidson et al. (2017)) and SV (Balmer
et al. (2020)) to create Frank-Starling curves during hemo-
dynamic interventions in a porcine trial. FSC from model-
estimated Frank-Starling curves is validated using directly
measured Frank-Starling curves from admittance catheter
and aortic flow probe measurements. In a clinical setting,
these direct measurements are not feasible. Therefore, the
novel non-invasive model-estimated Frank-Starling curves
presented would enable much clearer insight into cardio-
vascular function than is currently possible at the patient
bedside.

2. METHODS
2.1 Porcine trials and measurements

Pig experiments were conducted at the Centre Hospitalier
Universitaire de Liege, Belgium and approved by the
Ethics Committee of the University of Liege Medical
Faculty, permit number 14-1726.

N=6 pure Piétrain pigs were used, weighing 18.5kg to
29.0 kg. Pigs were initially sedated and anaesthetised using
Diazepam (1mgkg™!) and Zoletil (0.1 mLkg™!). Anaes-
thesia was maintained by sufentanil (0.1mLkg='h~! at
0.005 mg mL~1), Thiobarbital (0.1 mLkg~'h~!) and Nim-
bex (1mLkg 'h™! at 2mgmL~!), delivered via superior
vena cava catheter. Pigs were mechanically ventilated via
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tracheostomy using a GE Engstrom CareStation mechan-
ical ventilator (GE 92 Healthcare, Waukesha, WI, USA).

Data were acquired at 250 Hz using Notocord (Instem,
Croissy-sur-Seine, France). Signals include blood pressure
in the proximal aorta (P,,), femoral artery (Pfern,), and
vena cava (P,.,) using high fidelity pressure catheters
(Transonic, Ithaca, NY, USA); left ventricle pressures and
volumes (Vzy) using micromanometer-tipped admittance
catheters (Transonic Scisense Inc., Ontario, Canada); and
aortic flow (Qgo) using an ultrasonic flow probe on the
proximal aorta (Transonic, Ithaca, NY, USA). All signals
were filtered with a 5! order Butterworth low-pass filter,
with a cut-off frequency of 20 Hz (Pfem, Pao, Pev) and
10 Hz for noisier signals (Viy, Qao)-

Pigs underwent several intervention types: respiratory re-
cruitment manouevres (RM) in which PEEP is increased
in steps of 5 cmH50O to PEEP of > 15 cmH5O to reduce
systemic venous return and thus SV; fluid infusions of
500mL of saline solution over 30min to increase circu-
latory volume and ventricle preload; and an infusion of
E. Coli lipopolysaccharide (0.5 mgkg~! over 30 minute) to
produce a septic shock like response.

Fig 1 shows the order of interventions and data used for
each pig. Pig 6 RM 1 was not used due to faulty Vv
readings during the RM. Pigs 1, 3, and 6 died during the
endotoxin infusion. The model was calibrated during 10
beats of stable hemodynamics for each intervention, and
the ability of model-based estimates to track changes in
response to each intervention was assessed.

2.2 Measurement of LEDV and SV for validation

Measured SV (SV;,eq) is used for validation and calibra-
tion as measured from integrating an aortic flow probe sig-
nal (Qgo) over one beat for Pigs 2-6. For Pig 1, admittance
catheter Vv is used to obtain SV as the range of Vi, over
one beat, due to non-physiological flow probe @, for this
pig. Measured LEDV (LEDV,,.,) was calculated from an
admittance catheter as the maximum V7 of each beat.

2.8 Non-additionally invasive LEDV estimation

LEDV was estimated from P,., and heart rate (HR)
using a method from Davidson et al. (2017), which uses
the end-systolic pressure-volume relation (Sagawa (1981)):

Pes = Ees X (V;s - VO) (1)

where P, is ventricle end-systolic pressure, F.s is end-
systolic elastance, V, is ventricle end-systolic volume, and
Vo is ventricle volume at zero pressure. These terms are
made clinically identifiable using;:

o P, is estimated as Pesmea, the end-systole Py,
pressure. Ppep, is used for input Pp,eq, except Pig 4
where P,, is used due to faulty Py, measurements.
This approach assumes the arterial catheter site for
Ppeo is sufficiently near the heart that there is
negligible pressure drop.

e 1} is replaced with Vj, ventricle dead space, as these
terms are often used interchangeably and have similar
physiological values (Sagawa (1981)). V; is estimated
to be 0.48 V.5 (Davidson et al. (2017)).

e F.. is modelled as F. x HR®. HR is used as an
indicator of E.s changes. E. is a constant, identified
through calibration, representing subject-specific cou-
pling between HR and E.s (Davidson et al. (2017)).
This formula is used because HR changes are typi-
cally mathematically sympathetic with E.s; changes,
as regulatory mechanisms, such as the neural reg-
ulatory baroreflex, act on both, rather than each
independently (Hall and Guyton (2016)).

Hence, Vs st can be found from Equation 1 using these
surrogate terms (Davidson et al. (2017)):

es,mea

Box HEE @

Vres,est =

Finally, LEDV is calculated as the sum of SV,.s and Ves:
LEDVest = ‘/es,est + SVest (3)

2.4 Non-additionally invasive SV estimation

SV is estimated from the 3-element windkessel model im-
plementation in Balmer et al. (2020). This pulse-contour
model relates pressure and flow in the arteries using 3
lumped parameters (Z, R, C') representing resistance and
compliance of the systemic circulation. The model esti-
mates (Qq0, and thus SV, from an input arterial pressure
signal (Peq), and the downstream venous pressure, as-
sumed equal to the average P., of each beat (P,,). The
model parameters are identified each beat as an optimisa-
tion problem by enforcing the condition of zero flow into
the aorta during diastole, as in Balmer et al. (2020).

2.5 Calibration

SVest and LEDV,.g are calibrated during 10 beats of
stable recording at the beginning of each intervention for
each pig using SVipeq and LEDV,,.,, with the exception
of Pig 4 fluid interventions, and the first fluid intervention
for Pigs 2 and 3. These interventions are calibrated at the
end because fluid administrations began during unstable
hemodynamics with rapidly changing blood pressure fol-
lowing the RMs. Parameters identified from calibration are
used for the remaining beats of each intervention. Clini-
cally, calibration SV, and LEDV,,., could be obtained
non-invasively using echocardiography.

The process for model-based SV and LEDV estimation is
summarised in Figure 2.

2.6 Analysis

Averaged SV, and SV_s for each step of each inter-
vention type, SV e and SV .4, are calculated. For RMs,
average SV at each PEEP level is found. For fluid infusions,
the final 50 beats of each 100 ml portion of the infusion are
averaged. For endotoxin infusions and shock, 50 beats are
averaged at 5 time points spread evenly across the duration
of the 30 minute infusion (Pigs 2,4,5), or from the begin-
ning of the infusion until death (Pigs 1,3,6). LEDV e,
and LEDV .y are identified in the same manner as for
SV. Averaging of LEDV and SV in this manner aims to
reduce noise corresponding to LEDV and SV changes not
caused by the intervention.
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Fig. 1. Time-schedule of experimental interventions and data used for each pig. Interventions are respiratory recruitment
manoeuvres (RM), saline solution fluid infusions (Fluids), and an endotoxin infusion (Endo).
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Fig. 2. Overview of model-based SV & LEDV estimation.
Model inputs are typically available ICU measures:
arterial pressure waveform (P,.q), beat-wise average
central venous pressure (P.,), and HR. A short pe-
riod of calibration SV and LEDV values are also re-

quired. Models provide beat-beat calibrated estimates
of SV & LEDV.

For each pig and intervention a Frank-Starling plot of
LEDV eq VvS. SV pea and LEDV .o vs. SV . was cre-
ated. In each case a linear-least-squares line of best fit for
the LEDV-SV relationship was identified. The coefficient
of determination (R?) is used to measure goodness of fit to
a linear model with an acceptable R? defined as R? > 0.75.
Bland-Altman analysis was used to assess the agreement
of model-based and measured slope of the line of best fit,
FSC, using Altman and Bland (1983).

3. RESULTS

Measured and model-based SV and LEDV responses to
each intervention type are shown in Figure 3. Figure 4
shows measured and model-based Frank-Starling curves
for each pig. FSC and R? from the line of best fit for
each intervention are given in Table 1. Figure 5 shows the
Bland-Altman agreement of F'SC.s and FSCieq, with
median bias and limits of agreement of 0.14 [-0.56, 0.57].

Table 1. FSC and R? from line of best fit for
measured and estimated Frank-Starling curves
for each pig and intervention.

* indicates R? does not meet acceptance crite-
rion of R% > 0.75

Intervention FSC R?
mea est mea est
RM 1 0.50 0.57 0.99 1.00
:JJ Fluids 1 0.50 0.25 0.99 0.99
E RM 2 0.49 0.62 0.99 0.99
Endo 0.34 0.52 1.00 1.00
RM 1 0.98 0.58 0.66* 1.00
Fluids 1 0.06 0.38 0.08* 0.93
RM 2 0.65 0.56 0.97 0.97
™~ Endo 0.78 0.31 0.84 0.98
R RM 3 0.36 0.50 0.75 0.94
A Fluids 2 0.62 0.47 0.73* 0.60*
RM 4 0.36 0.49 0.86 0.86
Fluids 3 0.55 0.33 0.75 0.68%
RM 5 0.46 0.62 1.00 0.90
RM 1 0.28 0.75 0.85 1.00
%, Fluids1 024 057 01*  1.00
h’: RM 2 0.32 0.79 0.97 1.00
Endo 0.42 0.57 0.97 1.00
RM 1 0.93 0.59 1.00 0.99
Fluids 1 0.20 0.37 0.89 0.95
RM 2 0.60 0.54 1.00 0.97
<t Endo 0.27 0.43 0.74%* 0.90
o0 RM 3 0.82 0.61 1.00 1.00
A Fluids 2 0.64 0.49 0.83 0.54*
RM 4 1.16 0.61 0.96 0.88
Fluids 3 0.99 0.48 0.96 0.95
RM 5 0.88 0.46 1.00 0.95
RM 1 0.27 0.53 1.00 1.00
Fluids 1 0.26 0.39 0.91 1.00
RM 2 0.31 0.57 0.75 1.00
n Endo 0.45 0.53 0.99 0.96
o0 RM 3 0.21 0.56 0.83 1.00
A Fluids 2 0.48 0.35 0.98 0.98
RM 4 0.14 0.71 0.60* 0.93
Fluids 3 0.44 0.58 0.75 0.98
RM 5 0.19 0.59 0.74* 0.83
© Fluids 1 0.23 0.31 0.95 0.96
o0 RM 2 0.21 0.59 0.97 0.93
A Endo 0.17 0.42 0.76 0.92

4. DISCUSSION
4.1 Response to interventions

RMs led to a reduction in SV and LEDV, the extent
of which differed between pigs (Fig 3). Fluid infusions
increased SV and LEDV at first, then plateaued, and
the extent of the increase varied between pigs (Fig 3).
Endotoxin infusion and ensuing shock reduced SV and
LEDYV for all pigs, with different trajectories for each pig
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Fig. 3. SV mea, SV est, LEDV peq, and LEDV . responses for each intervention type for all pigs. LEDVs and SVs are
normalised using the mean value from the first step of each intervention, and thus have no units.

(Fig 3). All responses and variability between pigs matched
expectation.

4.2 Frank-Starling curves

A linear model for the LEDV 1,cq-SV mea relationship was
acceptable (R? > 0.75) for 31 of 38 interventions (Table
1). This linearity meets expectations (Glower et al. (1985);
Wiersema and Bihari (2017)). Thus, it is reasonable to
characterise the Frank-Starling relationship using FSC,
the gradient of a linear model. Interventions not meeting
the criterion (R? > 0.75) were either marginal cases
near to the cut-off value, or had very poor R? values
because the intervention failed to induce a hemodynamic
change, resulting in small/negligible change in LEDV/SV

compared to measurement precision. SV is derived from
flow probes, quoted as having precision of +2% (Yang et al.
(2013)) and admittance catheter LEDV has Bland-Altman
mean bias [limits of agreement (1.96 standard dev.)] of -
5.6 ml [-18.5, 7.3] using 3D echocardiography as a reference
method (Kutty et al. (2013)).

Model-estimated FSC had low bias but wide limits of
agreement 0.14 [-0.56, 0.57] (Fig. 5). High errors for FSC
typically were interventions where LEDV /SV responses
were small compared to LEDV/SV measurement precision,
making it challenging to identify FSC. The limited sample
of interventions/pigs makes it challenging to reliably assess
the accuracy and precision of FSC estimation.
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Fig. 4. Frank-Starling plots for each pig using LEDV ,cq vS. SV nea (upper) and LEDV .4 vs. SV .5 (lower).

Clinically, FSC could be used to characterise cardiac mus-
cle performance, as it reflects the force-length relation, and
thus contractility, of cardiac muscle. For an intervention
inducing a known change in LEDV, FSC could be used to
predict and control SV changes, a ”holy-grail” of hemody-
namic management (Desaive et al. (2019)).

4.8 Limitations

A controlled pig trial differs from critically ill patients,
due to anatomical differences between porcine and human
cardiovascular systems (Lelovas et al. (2014)), higher fi-
delity pressure catheter signals than typical clinically, and

a limited number of intervention types which may not
reflect all physiological conditions seen in ICU. However,
the controlled pig trial enables invasive validation mea-
surements of SV and LEDV, and severe interventions not
feasible in a clinical scenario, all of which are useful for
validating this method. Thus, these data provide a robust
validation set, where the results presented justify further
optimisation and validation with human data.

The models used are simple, lumped parameter models,
which do not account for spatially varying information.
As a result they will not capture all complex phenomena
contributing to circulatory pressure-volume relationships.



292 Rachel Smith et al. / [FAC PapersOnLine 54-15 (2021) 287-292

| i S e el taleait Kl Al 0.57
3
0.4 1 5
5
2. o2 i
c 9o .
20 [ SR N N P R A 1 S S [ S R—-—_—— - 014
£Q 1
§ L 0.04
TSy 5
24
Qv _ o
o 0.2 2 4
4
—0.4 4 2
______________________________________ . E—
—0.6 1
T T T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
mean FSC (no unit)
[FSCrea + FSCest]/2
Interventions Pigs === Median Bias
I RV 1 Endo B RM 4 1 Pigl 4 Pigl — — — Limits of Agreement
Fluids 1w RV 3 EEEEE Fluids 3 2 Pig2 5 Pigh (2.5/97.5 Percentile)
RM2  pmm Fluids 2 EEEEE RM 5 3 Pig3 6 Pigé

Fig. 5. Bland-Altman plot showing agreement of measured
and estimated FSC.

However, the models chosen require fewer inputs while still
delivering acceptable accuracy/precision (Balmer et al.
(2020)). Note, the methodology used in this study to create
Frank-Starling curves, and thus find F'SCes, could be
applied to other clinically applicable measures of LEDV
and SV.

5. CONCLUSION

This study provides proof-of-concept Frank-Starling curves
could be estimated at the patient bedside. For a pig
trial during hemodynamic interventions, model-based
LEDV and SV estimation were used to produce Frank-
Starling curves, and thus estimate Frank-Starling contrac-
tility, FSC. The non-additionally invasive model-estimated
Frank-Starling curves presented could potentially provide
clinicians with more insight into physiological mechanisms
contributing to circulatory failure, and efficacy of treat-
ment, at the patient bedside.
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